Recent exciting experimental observations have suggested the existence of gatekeeper residues in protein folding. These residues may influence only slightly the stabilization of a protein's final folded state, but have an important kinetic function in the early stages of folding-to avoid nonproductive folding routes. We explore the physical mechanism for the action of such gatekeepers, in the form of salt-bridgelike charged residues, on the early folding behavior of a model 46-mer ␤-barrel protein.
I. INTRODUCTION
Fundamental questions still challenge scientists in search of the mechanisms controlling the folding of proteins. The significance of the problem has most recently been reinforced by the decoding of the Human Genome. [1] [2] [3] [4] Pioneering theoretical work, including analytical treatments and computer simulations, has outlined our understanding of protein folding in terms of energy landscape theory. [5] [6] [7] [8] [9] [10] [11] According to this statistical treatment of folding, a protein finds its native state following a diffusive process along a funnel-shaped potential surface determined by the interplay of energy and entropy. The folding funnel is in general expected to be riddled with local minima that cause transient kinetic trapping 7, 12 of the protein resulting in the observation of misfolded conformations. Another major concept of energy landscape theory is the existence of an ensemble of pathways, rather than a single route, leading to the native state. 11 Ever improving experimental techniques have put the theoretical predictions to the test [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] and continue to raise new questions. In particular, recent experimental work by Otzen et al. 27, 28 has focused on ''gatekeeping'' amino acid residues in the ribosomal protein S6 and its mutants. The experimental results offer evidence that gatekeepers improve folding not by stabilizing the native state but by providing crucial steering of S6 onto efficient folding routes to the native state, avoiding nonproductive ones, 27 or by preventing protein aggregation. 28 Utilizing a simple protein model, we have been able to explore the possible mechanisms by which gatekeepers control folding in the above mentioned experiments. Our studies of a model ␤-barrel protein 29, 30 show that gatekeepers steer the protein away from non-productive routes in the early stages of folding. The kinetics 29, 31 and thermodynamics [32] [33] [34] of the 46-mer ␤-barrel we investigate have been studied extensively, and this protein has been found to be a poor folder with a rugged energy landscape due to nonspecific hydrophobic interactions. 32, 34, 35 We show that with the help of gatekeepers the protein finds its native structure faster. In reference to experiment, the system we study is reminiscent of the S6 mutants discussed by Otzen et al., 28 for which elimination of charged amino acid residues leads to intermolecular amyloidlike aggregation due to nonspecific interactions between extended stretches of ''sticky'' ␤ strands.
The paper is organized as follows: the system we study is introduced in Sec. II, and computer simulation protocols are described in Sec. III. The results of our investigations and the insights we gain about the effect of gatekeepers on early protein folding events are discussed in Sec. IV. We summarize our findings in Sec. V.
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II. MODEL SYSTEM
A four-stranded ␤-barrel protein proposed by Honeycutt and Thirumalai ͑H-T͒ ͑Refs. 29 and 30͒ is investigated. We focus on systems characterized by the original H-T Hamiltonian, 29 as well as modified ␤-barrels in which gatekeepers in the form of effective salt bridges between charged residues have been introduced. We point out that unlike the experimental studies of Otzen et al. in which gatekeepers were identified by hindering or disabling their effect on folding 27 or preventing aggregation, 28 in the present study gatekeepers are instituted in a system that folds poorly.
A. H-T ␤-barrel
The original H-T ␤-barrel 29, 30 is a minimalist model protein with 46 amino acid residues, each represented by a bead of one of three types: hydrophobic ͑B͒, hydrophilic ͑L͒, or neutral ͑N͒. The protein's sequence is B 9 N 3 (LB) 4 N 3 B 9 N 3 (LB) 5 L, and a schematic representation is shown in Fig. 1 . Beads of type B form the hydrophobic core of the protein, beads of type N are found at the turns, and L beads are found along the two exterior strands. We use the H-T energy function, 29 which is summarized here for completeness. The Hamiltonian H WT ͑the subscript ''WT'' designates the original or ''wild-type'' model 29 ͒ is a sum of five terms, each of which is described below
Interactions between hydrophobic beads are attractive and are modelled by
͑2͒
is the bond length between successive residues, and ⑀ B is the strength of the hydrophobic interactions. ⑀ B defines the energy scale for the model. Using the definitions of Eq. ͑2͒, parameters are reported in reduced units throughout the paper. Energies are presented in units of ⑀ B , temperatures in units of T*ϭ⑀ B /k B ͑where k B is the Boltzmann constant͒, lengths in units of , and time in units of ϭ(m
L-L and L-B bead pairs interact repulsively via
V L␣ ͑ r ͒ϭ4⑀ Lͫ ͩ r ͪ 12 ϩ ͩ r ͪ 6 ͬ ,
͑3͒
where ␣ϭL or B, and ⑀ L ϭ 2 3 ⑀ B . N-N, N-L, and N-B pairs interact via excluded volume according to
where ␣ϭN, L or B. All bonds are held fixed at an equilibrium value of 3.78 Å using SHAKE. 36 Bond-angle interactions are harmonic
with k ϭ40⑀ B /(rad) 2 and 0 ϭ1.8326 rad (105°). The dihedral potential V() describes rotations around three successive bonds involving four beads and has the form
For all residues except those of type N, Aϭ1.2⑀ B and B ϭ0.2⑀ B . ͑Note that the original combination 29 is AϭB ϭ1.2⑀ B , giving gauche dihedral conformations higher energy than trans conformations. Our choice of parameters results in an even stronger preference for trans over gauche configurations.͒ For neutral beads, Aϭ0 and Bϭ0.2⑀ B .
B. ␤-barrel with gatekeepers
As further elaborated in the following discussion, we have modified the H-T ␤-barrel by introducing gatekeepers. We point out that the actual nature of gatekeeper interactions is likely highly optimized for each protein, or even a region in a given protein, and may vary from electrostatics to steric effects and backbone flexibility, as has been suggested by the recent reports on the ribosomal protein S6. 27, 28 In this work, we have used effective salt-bridgelike interactions to mimic a gatekeeping effect on the protein's folding behavior and aid the 46-mer ␤-barrel achieve its native topology. A salt bridge pair ͑SB͒ is created between residues i and j by assigning charges of equal magnitude and opposite sign to the corresponding residues. The Hamiltonian of a system with salt bridges H GK has an additional electrostatic term, compared to H WT ,
The electrostatic interactions between charged residues are modelled with a Coulomb potential,
The summation is performed over pairs of charged residues ͗i j͘. to about 1.2 times the van der Waals energy ͑mainly contributed by B-B hydrophobic interactions͒ per residue of the ␤-barrel.
III. COMPUTER SIMULATIONS
Langevin molecular dynamics ͑MD͒ simulations were performed using the CHARMM ͑Ref. 37͒ package. The friction coefficient was set to 0.05 and the time step to 0.005 ͑see Sec. II for the definition of ͒. Bond lengths were kept constant using the SHAKE algorithm. 36 Systems with 0 ͑WT͒, 1, and 3 salt bridges ͑SB͒ introduced into the H-T ␤-barrel were studied. In the cases of 1 and 3 salt bridges, several locations for the gatekeeper͑s͒ were investigated ͑see Sec. IV B͒. Starting with the folded conformation, the system was equilibrated at high temperature Tу1.33 T* and subsequently quenched to a chosen ''production temperature'' close to the WT ␤-barrel folding temperature T f ϭ0.35 T*. 32 For each set of (systemϩproduction temperature͒, 100 independent MD runs of 2.01ϫ10 6 steps each were performed. ͑As discussed in the text, we investigate the very early folding events of the H-T ␤-barrel, and the folding time scales we consider are about three orders of magnitude shorter than previously reported folding times for this system. 31 ͒ Separate refolding simulations following the above described protocol were performed for each salt bridge design at two production temperatures: 0.315 T* and 0.348 T* for 0 SB; 0.341 T* and 0.374 T* for 1 SB; 0.414 T* and 0.447 T* for 3 SB.
The sets of low ͕0.315 T*,0.341 T*,0.414 T*͖ and high ͕0.348 T*,0.374 T*,0.447 T*͖ production temperature values were chosen such that the total thermal energies of the 0, 1, and 3 SB designs were close to each other within the same temperature set.
IV. RESULTS AND DISCUSSION

A. Native structure
The H-T ␤-barrel is due to a theoretical model and therefore no experimental native structure exists. We have determined the list of native contacts given in Table I based on a 2.01ϫ10 6 step calibrating simulation at TϽT f initiated from a structure with the native topology. As shown in Fig. 2 , we encountered two nativelike ␤-barrel structures, S 1 and S 2 , during the calibrating simulation. S 1 occurs in the beginning and towards the end of the simulation, while the rest of the time the protein samples S 2 . Upon switching between the two structures, the ␤-barrel undergoes a rearrangement of the relative positions of strands one and four. Such different packing arrangements and interconversions between them have been observed previously. 34 Contacts between pairs of residues occurring 98.5% of the time or more during the calibrating simulation are defined as native, with S 1 and S 2 characterized by slightly different native contact lists. 33 native contacts are common to both structures and are formed by the residues that comprise the hydrophobic core, formed by B residues, as shown in Figs. 1 and 2. S 2 is overall longerlived; however, it is a much softer structure compared to S 1 with its native contacts forming and unforming frequently during the calibrating simulation ͑data not shown͒. Thus, S 2 is the result of averaging over a large number of individual structures that vary by a few contacts, and 100% of S 2 native contacts are rarely observed at a given single ''snapshot'' during the refolding runs ͑with typical values of only 80%-85% S 2 for properly folded topologies; see Secs. IV B and IV D for additional comments regarding misfolded nativelike structures͒. This renders the percentage of S 2 contacts an ambiguous order parameter when it is necessary to distinguish between low energy nativelike traps and the ␤-barrel TABLE I. Native contact list used in the analysis of simulation data. Contact pairs were determined to be native if they occurred at least 98.5% of the time when structure one (S 1 ) was predominant during the calibrating simulation of the native structure ͑see Fig. 2͒ . An exception was made for contact ͑31, 37͒ which occurred about 50% of the time. This residue pair was included in the list of native contacts because a gatekeeper was placed at that location.
Native contacts between residue pairs (i, j)
FIG. 2. Native ␤-barrel structure calibrating simulation. Time steps ϫ10 Ϫ3 are indicated on the x axis. The percentage of structure one (S 1 ) contacts formed at a given time step is indicated on the y axis. Superpositions of 30 S 1 ͑lower left͒ and 30 S 2 ͑lower right͒ native structures are shown. The arrows indicate the parts of the calibrating simulation during which either S 1 or S 2 is predominant. S 2 is a more dynamical structure than S 1 ; its native contacts break and reform frequently during the simulation. In particular, S 2 is much floppier around residues one and two, and turns two and three of the ␤-barrel. To avoid ambiguities in distinguishing nativelike traps from the folded state, the native contact list of the more rigid structure S 1 was used to identify folded trajectories. Hydrophilic ͑L͒ residues, black; hydrophobic ͑B͒ residues, dark gray; and neutral ͑N͒ residues, light gray, are indicated in the protein backbone traces of S 1 and S 2 .
native state. To avoid ambiguities in our data analysis associated with the large number of nativelike yet misfolded structures typical of the H-T ␤-barrel, [29] [30] [31] [32] we have chosen to analyze all data according to the native contact list appropriate for the more rigid structure S 1 ͑Table I͒. Throughout the paper, ''native structure'' indicates 100% S 1 .
B. Choosing the right locations for gatekeepers
A survey of WT refolding trajectories indicates that successful H-T ␤-barrel folding occurs most frequently when strands one, two, and three adopt nativelike arrangements with respect to each other ͑e.g., as shown in Fig. 1͒ early on in the folding process. Deep traps of non-native overall topology are encountered when the correct pairing of strands one and two, and three and four ͑but not one, two, and three͒ leads to the formation of about 80% of the native contacts and hence low energy conformations. Another source of long-lived kinetic traps is the formation of turns at incorrect locations resulting in strand misalignment and broken native contacts, even though the overall topology in these cases is frequently nativelike. Long-lived nativelike intermediates for the H-T ␤-barrel have been reported in the literature as well. 31, 32 Folding success is especially affected by the proper formation of turn one, since it controls contact formation between strands one and two, and strands one and three which combined contribute 46.3% of the native contacts. To quantify these observations, we have calculated ensembleaveraged local native contact values as a function of time ͗Q i j ͘(t), defined as follows:
The native contacts of Table I are divided into subsets of local native contacts formed between pairs ͕i, j͖ of the ␤-barrel's strands: ͕1,2͖, ͕1,3͖, ͕1,4͖, ͕2,3͖, and ͕3,4͖. The local native contact value for strand pair ͕i, j͖ at time t, Q i j (t) is given by
The ensemble-averaged local native contact value for strand pair ͕i, j͖ at time t, ͗Q i j ͘(t), then becomes
where N ft is the total number of successfully folded trajectories and Q i j N ft (t) is the local native contact value defined in Eq. ͑9͒ for trajectory N ft . Note that ͗Q i j ͘(t)ϭ100% only if all folded trajectories have all of their native contacts formed at the given time t. Therefore, despite the fact that the individual trajectories used to calculate the values of the ensemble-averaged local native contacts necessarily reached the native structure within 2.01ϫ10 may remain less than 100% at all t. the core is in place. We point out that we concentrate on the earliest folding events of the the H-T ␤-barrel, and the time scales investigated throughout the paper are about three orders of magnitude shorter than previously reported folding times for the system. 31 With all of the above considerations in mind, we have investigated several salt bridge designs summarized in Table  II . Anticipated good and poor gatekeepers were studied. Two classes of single salt bridge designs were considered-salt bridges that aid the proper formation of a native turn ͓͑7,14͒ and ͑7,16͔͒ and salt bridges that reinforce the proper alignment of strands ͓͑2, 28͒, ͑2, 43͒, and ͑5,28͔͒. In the case of three salt bridges ͑see Table II for turn-forming/strandaligning classification of individual SB in the sets of three͒, we contrast the performance of a set of gatekeepers that are expected to aid strand alignment alone ͓͑3, 26͒; ͑5, 18͒; ͑28, 41͔͒ with a combination of strand aligning and turn forming salt bridges ͓͑6, 41͒; ͑20, 25͒; ͑31, 37͔͒.
C. Gatekeepers and early folding kinetics
The kinetics of the H-T ␤-barrel have been studied in detail. 29, 31 It has been reported that the WT folding process follows a kinetic partitioning mechanism 31 As suggested by the experimental work on the ribosomal protein S6, 27, 28 we expect that the role of the gatekeepers introduced in the H-T ␤-barrel would be to intervene early on in the folding process ͑i.e., near the ''top'' of the folding funnel͒ and guide the protein onto an efficient path to the native state, hopefully avoiding some of the deep kinetic traps by which this particular system is characterized. [30] [31] [32] 34 We compare the very early stages of folding ͑9.5 ns, as compared to the s time scale reported previously 31 ͒ of the WT ␤-barrel to the early kinetics of the protein with gatekeepers. We also contrast the behavior of good and poor gatekeepers. Figure 4 shows the evolution of the fraction of unfolded trajectories P v ͑Ref. 31͒ as a function of time for the case of 0 SB ͑WT͒ and several 1 SB and 3 SB designs. P v is given by the expression,
where P FP (t) ͑Ref. 31͒ is the probability distribution, as a function of time, of the first passage times for the ␤-barrel design ͑0, 1, or 3 SB͒ in consideration
͑12͒
In Eq. ͑12͒, N traj is the number of refolding trajectories, t measures the progress of the simulation in time steps, k is the time step at which the protein formed 100% of the native contacts defined in Table I . The results in Fig. 4͑a͒ pertain to the set of low temperature ͕0.315 T*, 0.341 T*, 0.414 T*͖ refolding simulations described in Sec. III. In all cases, the ␤-barrel designs with gatekeepers give higher folding yields than the WT for which only 4% of the trajectories lead to the native state within 2.01ϫ10 6 time steps. Single salt bridge designs that reinforce strand alignment ͓͑2, 24͒, ͑2, 43͒, and ͑5, 28͔͒ perform slightly better than the WT by folding 7% of the time at low temperature. However, they do poorly compared to ␤-barrels with gatekeepers at residue pairs ͑7, 14͒ and ͑7, 16͒ which aid the correct formation of the important turn one and fold 13% and 16% of the time, respectively. Salt bridge pairs ͑2, 24͒ and ͑5, 28͒ ͑both of which align strands one and three͒, as well as pairs ͑7, 14͒ and ͑7, 16͒ ͑both of which reinforce the formation of turn one͒, were designed to test whether ␤-barrels featuring a single gatekeeper whose location varies only slightly among designs perform similarly during refolding. As illustrated by Fig. 4 , this is indeed the case. ␤-barrels with SB involving residues ͑7, 14͒ or ͑7, 16͒ were investigated at low ͓Fig. 4͑a͔͒ and high ͓Fig. 4͑b͔͒ temperature, and folded in a very similar manner regardless of T or gatekeeper location. We expect the same to hold for SB pairs ͑2, 24͒ and ͑5, 28͒ which perform almost identically at low T ͓Fig. 4͑a͔͒, therefore the ͑2, 24͒ SB case was excluded from the high T studies.
The ␤-barrel designs with three gatekeepers are the best folders. Two salt bridges that aid turn formation, in combination with a strand-aligning SB ͓͑6, 41͒; ͑20, 25͒; ͑31, 37͔͒, Table II . Gatekeeper locations were chosen based on the data in Fig. 3 , as well as visual inspection of defects characteristic of the unfolded ensemble of the WT. Gatekeepers reinforce fast native structure formation and help avoid defects typical of the WT: misalignment due to offset of a native turn͑s͒ by one residue; turn͑s͒ at non-native location͑s͒; combinations of the previous two. The introduction of salt bridges results in faster kinetics very early on in the folding process. The degree of speedup depends on the ''quality'' of the gatekeeper. The relative ordering of the P v curves is preserved at low ͑top panel͒ and high ͑bottom panel͒ temperatures, except for the ͑2,43͒ SB which is further discussed in the text and Fig. 5 .
lead to the highest folding yields and outperform the three gatekeepers that reinforce strand alignment alone ͓͑3, 26͒; ͑5, 18͒; ͑28, 41͔͒. We demonstrate that the effect of the gatekeepers on the folding behavior of the ␤-barrel is kinetic with the help of the high temperature ͕0.348 T*, 0.374 T*, 0.447 T*͖ refolding simulations ͑see Sec. III͒. P v plots for these are shown in Fig. 4͑b͒ . Higher T results in an effective smoothing of the rugged 31, 32, 34 landscape of the protein and increased folding yields by about 10% for both the WT and gatekeeper designs. The most notable feature however is that, as expected, the relative ordering of the P v curves is preserved. The only exception is the salt bridge at residue pair ͑2, 43͒ which reinforces the alignment of strands one and four-the bottleneck step in the folding of the WT protein. To gain further insight into this exception from the overall trend, we have examined the ensemble-averaged local native contact values for the WT and the SB designs at both low and high T, shown in Fig. 5 . The low temperature WT ͗Q i j ͘(t) in Fig. 5 are the same as the ones presented in Fig.   3 . No error bars are shown in any of the local native contact figures for clarity of the plots, however we have verified that the trends are preserved within errors around the mean.
The introduction of a gatekeeper pair that aligns strands one and four removes the WT dynamical bottleneck, as seen in the low T plot of ͗Q 14 ͘(t) in Fig. 5͑c͒ ͓compare the WT curve, to the ͑2, 43͒ gatekeeper curve͔. However, this gatekeeper occasionally leads to the initial formation of a kink that brings turn one over strands three and four, as shown by the superposition of protein structures given on the left in Fig. 5͑e͒ . This behavior causes the poor low temperature performance of SB ͑2, 43͒. The protein does eventually escape this particular type of trap, halfway through the 2.01 ϫ10 6 time step simulations: superposition of protein structures given on the right in Fig. 5͑e͒ .
At high temperature, right-hand side of Fig. 5 , the folding landscape appears to be much smoother and both the WT and the ␤-barrels with SB exhibit similar time evolution of ͗Q i j ͘(t). Still, the designs enhanced by gatekeepers show faster kinetics and higher folding yields than the WT ͑Fig. 4͒.
D. Unfolded ensemble characteristics
To further investigate the effect of gatekeepers on the H-T ␤-barrel, we have examined the unfolded ensembles of the WT and the different SB designs. In particular, we characterize each unfolded ensemble by computing its average distance matrix and comparing this to the average distance matrix of an ensemble of native structures 38 as follows: To generate an ensemble of native structures, 100 simulations following the protocol described in Sec. III were performed at Tϭ0.315 T*, each starting from the same folded structure. The starting structure had all contacts listed in Table I and was chosen from the native contact list calibrating simulation ͑see Sec. IV A͒. An average distance matrix 38 for the native ensemble, ͗D͘ nat , was computed according to
In the case of the native ensemble, the summation in Eq. ͑13͒ is performed over all of the above mentioned simulations of the native structure with s max ϭ100. D s ͓t, n(nϩ1)/2͔ is the upper-triangular distance matrix of simulation s with its index t running over time steps; at each time step there are n(nϩ1)/2 contact pair distances, with nϭ46. For the WT and each ␤-barrel with gatekeepers, only the refolding simulations ͑see Sec. III͒ that failed to reach the native structure were selected and an average unfolded ensemble distance matrix ͗D͘ unf was calculated according to Eq. ͑13͒ using the appropriate s max value. Subsequently, root ͑9͒ and shown as a function of time ͑steps ϫ10 Ϫ3 ), for the WT ␤-barrel and several salt bridge designs at low T ͑left͒ and high T ͑right͒. The salt bridge pair ͑2, 43͒ that aligns strands one and four removes the WT dynamical bottleneck, as indicated by the low T ͗Q 14 ͘(t) curves in panel ͑c͒ ͓compare the WT, to the ͑2, 43͒ gatekeeper͔. However, this gatekeeper occasionally leads to the initial formation of a kink that brings turn one over strands three and four, as shown by the superposition of protein structures given on the left in panel ͑e͒. This behavior causes the poor low temperature performance of SB ͑2, 43͒, even though the protein does eventually escape this particular type of trap, halfway through the refolding simulations: superposition of protein structures given on the right in panel ͑e͒. At high T, the folding landscape appears to be much smoother and both the WT and the ␤-barrels with SB exhibit similar time evolution of ͗Q i j ͘(t). Still, the designs enhanced by gatekeepers show faster kinetics and higher folding yields than the WT ͑Fig. 4͒. mean square deviation ͑RMSD͒ values based on ͗D͘ nat and ͗D͘ unf were generated for the H-T ␤-barrel and each SB design. The RMSD͑t͒ between the average native distance matrix and an average unfolded ensemble distance matrix at time t is given by
͑14͒
We point out that as far as the native distance matrix ͗D͘ nat (t,i) is concerned, the different ''structures'' at each time step t are just minor fluctuations around the native structure. Zagrovic et al. 38 have used this approach to show that, on average, the ensembles of unfolded structures for three small proteins resembled the native state more strongly than individual misfolded conformations. Here we apply Eq. ͑14͒ to demonstrate that ␤-barrel designs with gatekeepers sample different and more efficient, according to the results presented in Sec. IV C, ensembles of folding pathways compared to the WT protein.
Unfolded ensemble RMSD(t) plots for the low and high temperature simulations, discussed in Secs. III and IV B, are shown in Fig. 6 . The distance root mean square deviation is largest for the unfolded ensemble of the ␤-barrel with three salt bridges at residue pairs ͑6, 41͒, ͑20, 25͒, and ͑31, 37͒ which is also the best folder ͑Fig. 4͒. The ordering of the RMSD(t) curves is roughly the opposite of the kinetic folding data trends shown in Fig. 4 , especially at high T when smoother energy landscapes are encountered. We interpret this result as an indication that the ␤-barrels with gatekeepers indeed take different collections of pathways to the native state than the WT protein. The several classes of SB designs are distinguishable among themselves as well, with good folders typically exhibiting higher RMSD(t) values than poor folders. Visual inspection of 26 arbitrarily chosen, unfolded ensemble low T trajectories for each of the WT and ␤-barrels with salt bridges at ͑2, 24͒-a poor folder, and ͓͑6, 41͒; ͑20, 25͒; ͑31, 37͔͒-the best folder, has revealed the different nature of the kinetic traps encountered in the three cases. The original H-T ␤-barrel exhibits four types of defects: misalignment due to offset of a native turn͑s͒ by one residue; turn͑s͒ at non-native location͑s͒; combinations of the previous two defects; infrequent molten globules that do not get ''resolved'' within 2.01ϫ10 6 time steps ͑globular configurations are generally easy to escape from as they are about 8 kcal/mol higher in energy than nativelike traps͒. Similar observations regarding the nature of the WT traps have been reported previously. [29] [30] [31] [32] 34 The poor low temperature ͑2, 24͒ gatekeeper shows similar defect features as the WT, however a significant fraction of these can be attributed to ''premature'' formation of the salt bridge. The best folder with gatekeepers at residue pairs ͑6, 41͒, ͑20, 25͒, and ͑31, 37͒ mostly falls victim of its own folly. The mispairing of salt bridges in combinations such as ͑6, 25͒, ͑6, 31͒, and ͑6, 20͒ leads to the formation of turns at non-native locations, as well as infrequent strand misalignment and globular conformations. ͓We should point out that the Hamiltonian of Eq.
͑7͒ naturally introduces the lack of salt bridge pair specificity.͔ Distinguishably different from the WT and 1 SB cases are a few misfolded conformations that do have overall native topologies and proper strand alignment and turn formation, with just a few incorrect dihedrals.
V. CONCLUSION
We have demonstrated that the introduction of gatekeepers, in the form of effective salt bridges, in a minimalist protein model with a rugged energy landscape enhances productive kinetics very early on in the folding process. For the investigated H-T ␤-barrel, we interpret the accelerated early folding as an indication that gatekeepers assist the protein in rapidly escaping or altogether avoiding dead ends, and thus steer it along the way to the folded state. Most notably, the ␤-barrels with salt bridges manage to circumvent with greater success than the WT the multitude of low-energy nativelike traps characteristic of the studied system. [29] [30] [31] [32] 34 By contrasting the unfolded ensembles of the WT and the different SB designs with an ensemble of native conformations, we propose that the more effective the gatekeeper, the FIG. 6 . RMSD(t) for the unfolded ensembles. Defined in Eq. ͑14͒ and shown at low ͑top panel͒ and high ͑bottom panel͒ temperatures. SB locations are indicated in the legend. ␤-barrel designs with gatekeepers sample different ensembles of folding pathways compared to the WT protein. The distance root mean square deviation form the native structure is largest for the unfolded ensemble of the ␤-barrel with three salt bridges at residue pairs ͑6, 41͒, ͑20, 25͒, and ͑31, 37͒. The ordering of the RMSD(t) curves is roughly the opposite of the kinetic folding data trends shown in Fig. 4 , especially at high T when smoother energy landscapes are encountered. more distinguishable a difference in its ensemble of explored pathways compared to the wild type H-T ␤-barrel. This observation is similar in spirit to the experimentally suggested difference in transition states for the ribosomal protein S6 with and without gatekeepers. 27 The effect of gatekeepers on the H-T ␤-barrel may be strongly influenced by the specific energy landscape of this protein. However, we expect the general trends revealed by the present study of a model system to hold true for ''real'' proteins 28 with the possibility for modifying details depending on each individual case. 
